Four different leaching tests were carried out with spent alkaline batteries as an attempt to quantify the environmental potential burdens associated with landfilling. The tests were performed in columns filled up with batteries either entire or cross-cut, using either deionized water or nitric acid solution as leachant. In a first set of tests, the NEN 7343 standard procedure was followed, with leachant circulating in open circuit from bottom to top through columns. These tests were extended to another leaching step where leachant percolated the columns in a closed loop process.
Introduction
Since its introduction in the early 1960s, the alkaline-manganese dioxide batteries have gained a dominant position in the portable batteries market due to the advantages of the alkaline system. The total weight of portable batteries sold in the East and West Europe in 2003 was about 164,000 tonnes, of which 50,197 and 99,138 were zinc-carbon and alkaline batteries, respectively (30.5% and 60.3% of the total annual sales) (EPBA, 2008) .
Several changes have occurred on these batteries since then, the most significant being the gradual reduction of the mercury content in the anode. Considered as a major source of mercury in municipal solid waste (MSW) in the past, alkaline batteries no longer contain deliberately added mercury and the mercury possibly found on them comes from the impurities of the other components materials. They are therefore called as mercury-free. This trend, which was aided by a substantial improvement in the reliability of cell materials resulting from reduced impurity levels, was driven by worldwide concern over the environmental impact of the materials used in batteries (Linden, 1995) .
The disposal of spent batteries became a subject of discussion due to the presence of metals that have been recognized to have negative effects on human health and the environment. Despite recycling having become an important option for spent batteries, they are generally discarded mixed in Municipal Solid Waste (MSW), which is either incinerated or landfilled. In Portugal, between 2004 and 2006, more than 13% of the number of batteries and accumulators existing in the market were collected for recycling (Ecopilhas, 2007) , meaning that a significant amount were discarded with MSW. In 2005, about 65% of the mixed waste collected in Portugal were confined in landfills and 20% were incinerated (Instituto do Ambiente, 2006) , which means that the main destination of used batteries in Portugal is still the landfill. Environmental impact studies on the disposal of some types of batteries in MSW management systems do not indicate that such disposal practices pose significant threat to the environment. This is also the case for alkaline batteries (Xará et al., 2001 ). Some earlier studies concluded that disposal practices such as incineration and landfilling appear to be safe and adequate (Institute for Risk Research, 1992) . However, conditions considered in these evaluations do not cover all the variables of the disposal options. Also, the characteristics of the batteries are not the same as in the past. Therefore, accurate information and up to date data about the behavior of all the types of waste, including alkaline batteries, are required to better evaluate the environmental impact of waste management practices.
The knowledge available on the behavior of products or materials in landfills includes information from field studies, experiments simulating landfill environment or specific processes in landfills, such as leaching or degradation, as well as theoretical modeling of landfills. Karnchanawong and Limpiteeprakan (2009) evaluated the heavy metal leaching from spent household batteries disposed in municipal solid waste performing bach leaching test and simulated landfill lysimeter tests. The results showed that the type of battery influenced the heavy metal concentration in the leached solutions. The lysimeter experiment results illustrated that at lower pH levels more metals are leached than at higher pH levels. The increasing amount of batteries disposed in landfills can contribute to the leaching of more metals, specially Mn and Zn, in to the environment. These results indicate that the direct disposal of spent households batteries in to MSW landfill can increase the heavy metals contents in the landfill leachate. Agourakis et al. (2006) studied the leaching potential of alkaline batteries, in a soil column, particularly the behavior of zinc and manganese, using a solution simulating acid rain, during one year. The results showed that the leaching of alkaline batteries cause enrichment of 70 and 11 times the Zn and Mn concentration of the topsoil, respectively. Additionally, leaching of electrolyte (KOH) from batteries increased the soil pH in the contaminated column. Slack et al. (2005) focused his work on the assessment of data concerning the presence of hazardous chemicals in leachates as evidence of the disposal of HHW (Household Hazardous Waste) in municipal landfills. In this work, cadmium, nickel, zinc, copper, lead, chromium and mercury were the heavy metals identified in MSW landfill leachates that could be partially traced back to the batteries in the wastes. Panero et al. (1995) performed a releasing test using an acetic acid solution as the extracting liquid, with several batteries samples. Cadmium and nickel levels present in the leaching solution were below the accepted limits for disposal in landfills (0.02 and 2 mg/ l, respectively). An opposite situation occurred for the concentrations of zinc and manganese which were greater than the fixed limits (0.5 and 2 mg/l, respectively). The work presented by IRR (1992) discusses the issues relating to used dry-cell battery disposal practices, their potential impact on the environment, the potential risks to humans and offers recommendations for what is considered as acceptable disposal practices for used household batteries. Risks to the environment from battery disposal by landfilling and incineration are not likely to be significant. Thus, most household batteries may be safety disposed of in municipal landfills or municipal incinerators.
This work aims at quantifying the leaching potential of several inorganic substances on most popular alkaline batteries formats in Portugal through laboratorial leaching experiments in order to be able to predict the possible emission factors of those batteries in a landfill and consequently, the associated emission. The tests were carried out in two steps with different conditions. The objectives were to cover the several conditions batteries can experience in a landfill -they can be on the top layers of waste and be contacted by the leachate first or they can be on the lower layers and when the leachate contacts them it has already contacted other batteries, therefore it has already dissolved some components from other batteries. In the last case, a situation of quasi-equilibrium is likely to occur.
The results obtained were used to identify the type of landfill where spent batteries can be deposited according to European and Portuguese legislation, respectively Decision 2003/33/CE and Decree-Law 152/2002. These types of waste are classified as inert, non-hazardous and hazardous, also using information related with the characteristics of their leachate.
The determination of emission factors and emissions associated with the disposal of waste in landfills is important for LCA studies on specific products.
Experimental
The batteries used in this work were spent alkaline batteries, format AA, from Duracell Ò , with expire date of March 2003, from a central collection site in the city of Porto where they were stored in a drum with other different types of household batteries. The batteries in the central collection site come from street collection containers spread all over the city, from collection points located on commercial areas and are also delivered directly there by inhabitants. The target batteries have been characterized using both information from literature and laboratorial tests (Almeida et al., 2006) , namely concerning average weight, moisture content, ash content, zinc and zinc oxide on anode, manganese on cathode, other metals, potassium hydroxide on the internal components and heating values for papers, anode and cathode. Before any experiments were carried out, batteries were washed with deionized water and dried to remove external impurities that could exist on the surface.
Four different leaching tests were carried out in cylindrical acrylic columns with 31.0 cm length and 5.4 cm internal diameter, each one filled up with 47 batteries (Fig. 1) . Tests 1 and 2 were performed with entire batteries, the first with a nitric acid solution at pH 4, and the second one with deionized water. In Tests 3 and 4, cross-cut batteries were used, respectively, with nitric acid solution at pH 4 and deionized water. The tests were carried out in two steps with different conditions, designated Step 1 and Step 2.
2.1.
Step 1 -Leaching tests using NEN 7343 standard
In
Step 1, the methodology proposed by NEN 7343 standard was followed. The aim of this column test is to simulate the leaching of inorganic components from powdered and granular materials in an aerobic environment as a function of the ratio between liquid and solid (L/S) over a range varying from 0.1 to 10 l per kg of dry matter. The value L/S can be related to a timescale so that, based on the results of the column test, an opinion can be formed on the timedependence of the leaching of a material under practical conditions (Nederlands Normalisatie -Instituut, 1995) .
In this column test, fresh leaching solution is continuously flowing through each vertical column from bottom to top using a peristaltic pump with a controlled flowrate proportional to dry weight, according to the standard. At the bottom and top of each column there were, respectively, a pre-filter and a pre-filter followed by a 0.45 lm pore size filter, in order to avoid that particles were carried on outside the column.
Samples were collected after set quantities of leaching liquid have passed through the column, corresponding to cumulative L/ S ratios of 0.1, 0.2, 0.5, 1.0, 2.0, 5.0 and 10.0 l/kg of dry samplethese leachate fractions were collected in a graduated cylinder that was replaced when the liquid volume reached the defined L/S ratio.
All the samples were characterized in terms of pH, conductivity, density, redox potential, sulphates, chlorides and metal elementsAs, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Sb, Tl and Zn. Conductivity and redox potential were measured with a Testo 252 instrument using electrodes Type 11 and 6, respectively. The values of redox potential at 25°C given by the rugged glass electrode, previously calibrated with a standard solution, are referred to the Ag/AgCl pair. A Metrohm 632 pH-meter was used for pH measurement. Density was determined weighing a known volume of solution. Sulphates were quantified by the gravimetric method (American Public Health Association, 1992) and chlorides using the Volhard method (Bassett et al., 1981) . Metals were determined by Atomic Absorption Spectrometry (AAS) with a UNICAM model 969 equipment, after filtration of the solutions through a 0.45 lm pore size filter, and acidification to pH 2 with concentrated nitric acid. Cd, Co, Cr, Cu, Mn, Fe, Ni, Pb, Sb, Tl and Zn were quantified by AAS using the direct aspiration method (United States Environmental Protection Agency, 1982). Hg and As were also quantified by AAS, using, respectively, cold vapour generation and the hydride generator techniques (United States Environmental Protection Agency, 1982) .
For each substance (sulphates, chlorides and metals) the amount leached was calculated using the respective sample concentration and volume. When the substance in the solution was below the detection limit of the analytical method, it was considered as nil. The detection limits for the different substances are:
As and Hg, respectively, 0.32 and 1.2 lg/l; Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sb, Tl, Zn, sulphates and chlorides, respectively, 0.032, 0.081, 0.05, 0.041, 0.060, 0.029, 0.063, 0.10, 0.37, 0.30, 0.013, 10 and 9 mg/l.
Step 2 -Leaching tests in a closed circuit
Step 2 began after completing Step 1. Firstly, the volume of solution remaining in each column was estimated using the weight of the column in the end of Step 1 (column + batteries + remaining liquid) and the initial weight of the column (column + batteries). Each column was connected to a beaker containing a volume of fresh solution (deionized water or nitric solution with pH 4) 2-2.8 times the solution volume inside the column, totalizing a volume in the range of 960-1340 ml. The solution was continuously pumped in a closed circuit, through the column, using the same flowrate as in Step 1. Periodically, a set of 250 ml samples (leachate fractions) were taken from the beaker but only after the amount of evaporated solution was estimated, weighing the entire system (column + beaker + connections), and restored with fresh solution. Tests finished 168 days later, when the amount of substances in two consecutive samples did not differ meaningfully, totalizing 6 sampling processes, firstly delayed by 3 weeks and the two last samples with 6 weeks of interval. All samples were characterized using the methods previously established for Step 1. The cumulative calculations of metals, chlorides and sulphates took into account the amount leached during Step 1.
Results and discussion
The concentration of metals, sulphates and chlorides obtained in sample solutions from Step 1 and Step 2 are presented in Table  1 . Only Cr, Fe, Mn and Zn were detected on leachate fractions from
Step 2. All values below the detection limit were considered nil for further calculation purposes.
Step 1 -Leaching tests using NEN 7343 standard
Figs. 2 and 3 present the variation, with cumulative L/S, of pH, conductivity, redox potential, density, chlorides, sulphates and metals for Step 1. For chlorides, sulphates and metals the values presented are cumulative amounts expressed per kg of batteries. In those figures, curves with all values nil or all except the first value nil were not represented. The first situation (the concentration of all fractions below detection limit) occurred in Test 2 for chlorides, in Tests 1 and 2 for As, Cu, Hg and Pb and in all tests for Co and Sb. The second situation (all except the first value nil) occurred for Ni in Test 2, Cd in Test 3 and Tl in Test 4. As shown in Fig. 2 , the value of pH is clearly higher for cross-cut batteries leaching tests (Tests 3 and 4) than in the tests with entire batteries, due to the dissolution of KOH from electrolyte. This high pH, however, decreases with L/S since the fresh solution passing through the batteries leads to the dissolution of KOH, decreasing its availability. In Tests 1 and 2, the pH of the first fraction is meaningfully higher than in fresh solutions, despite the use of entire batteries. Although there is a slight difference in the pH of the fresh , as a result of the dissolution of ionic species from the inner components of batteries. In these tests (3 and 4), the washing effect and the larger volumes of the final fractions visibly decrease conductivity with L/S. In general, density variation with L/S agrees with variation in conductivity, as it also decreases with L/S, except for the second fraction of Test 2, where it increases from 992.5 (first fraction) to 1011.1 g/l.
The redox potential in the first fraction shows a similarity between Tests 1 and 2 and between Tests 3 and 4, meaning that, for this parameter, the batteries condition prevails over the solution used. This similarity remains for all fractions of Tests 3 and 4 whose redox potential increases with L/S. For these two tests, the redox potential is always lower than for Tests 1 and 2, showing the influence of the inner components of the batteries mainly the alkaline components, as the pH for Tests 3 and 4, as previously stated, is always higher than for Tests 1 and 2. Tests 1 and 2 have similar redox potential until the fourth fraction, with a deep decrease from second to fourth fraction, when the difference becomes meaningful and for the last fraction the redox potential is almost equal. Iron concentration (Table 1 ) decreases in all tests from the first to the second fractions, and, then, increases in all the fractions up to cumulative L/S = 2.0. The redox potential of these fractions seems to be transitorily controlled through the reaction with the exposed surface of the batteries (made from steel) from which both Fe 2+ and Fe 3+ could be released. As Fe(OH) 3 solubility product is (Jackson, 1986) . In any case, the equilibrium concentrations of iron in these solutions are insignificant, and practically all would precipitate. Thus, it was not surprising that a ferruginous and gelatinous precipitate was progressively formed inside the columns, part of it adhering to the walls. Some of the collected fractions were affected in small extent by such coloration. The larger volumes of both nitric and deionized water solutions have longer times of percolation and aeration, so, the redox potential is mainly controlled by air oxygen that increases until the last fraction of Step 1. Sulphates are mainly dissolved in both Tests 3 and 4 (cross-cut batteries), showing that this anion is clearly dissolved from the inner components of batteries (electrolytic manganese dioxide from cathode), as very soluble species, which is only affected by its availability and not by solution characteristic.
The pattern of chlorides dissolution is quite unpredictable, since one (first), two (fourth and fifth) or three (first, fourth and fifth) of the seven fractions are responsible for the total amount of chlorides dissolved in the Tests 1, 3 and 4, respectively, and for all the others fractions chlorides are not detected. This fact could in part be explained by a partial degradation of the PVC outer sleeve of the batteries which contains chloride.
As expected, zinc is meaningfully dissolved in tests using crosscut batteries (Tests 3 and 4) where anode is exposed to the solutions. As solutions in Tests 3 and 4 are strongly alkaline (due to the dissolution of KOH from electrolyte), zinc species in solution are anionic, resulting from the complexing effect of hydroxil anion. Under strongly alkaline conditions the predominant species is ZnðOHÞ dissolved zinc in equilibrium with Zn(OH) 2 is only about 0.08 mg/l (Pourbaix, 1974) . Thus, as the pH decreases, the complexing effect of OH -also decreases, as well as the dissolved zinc. In consequence, most of zinc was dissolved until the fifth fraction on both Tests 3 and 4, although the fraction's cumulative volume corresponds only to 20% of all the leachate. In Tests 1 and 2, the amount of Zn dissolved is insignificant.
Mn is mainly dissolved in Tests 3 and 4, as expected, since in cross-cut batteries the inner MnO 2 is easily reached. In these tests, the cumulative amount of Mn dissolved increases gradually until the sixth fraction and then noticeably in the last fraction. In Tests 1 and 2 the dissolution of Mn is lower and increases gradually until the fifth fraction, but after that there is no more dissolution of this element, even in Step 2.
As, Cu, Hg and Pb are elements whose dissolution is evidently related with the exposition of the inner components in cross-cut batteries, as they are only detected in Tests 3 and 4 during this
Step. All of these elements are known to be slightly or moderately dissolved as anionic species due to the high concentrations of OH -in strongly alkaline solutions. As is easy and uniquely dissolved in the first three fractions for both tests. Cu dissolves gradually until the fifth fraction in both tests. Pb dissolves gradually until the fifth fraction in Test 3 and until the fourth fraction in Test 4. In Test 3, the cumulative amount of Hg increases gradually during all the test and in Test 4 it increases from the first to the second fraction, remaining constant until the sixth fraction and then increases in the last one.
Fe and Cr are mostly dissolved in tests using entire batteries. Fe and Cr are mainly present in the outer components of the batteries, but the high pH of solutions in Tests 3 and 4, due to KOH dissolution, and also the presence of anodic metallic zinc, respectively, inhibits the release of these elements and decreases the concentration in solution (cementing effect). During the tests it was visible the presence of iron precipitates inside the columns and the corrosion in the batteries exposed steel surface. The cumulative amount of dissolved iron in Test 1 (nitric acid solution) is always higher than in Test 2 (deionized water), as expected, due to the pH, as previously explained.
Ni coating from the external steel surface of the batteries is dissolved by slightly acid fractions in Test 1 and quite less by strongly alkaline fractions in Tests 3 and 4. In the first case, nickel is expected to be present in the solutions as Ni
2+
, and in the second one as HNiO À 2 . At pH around 10, as in the case of fractions from Test 2, nickel, nickel oxides and nickel hydroxide are insoluble (Pourbaix, 1974) .
Cd and Tl are detected as traces only in the first fraction of Tests 3 and 4. Both values are very close to the detection limits of the analytical methods used. Co and Sb are not detected in all experiments.
Step 2 -Leaching tests in a closed circuit
Figs. 4 and 5 present the variation, with time, of pH, conductivity, redox potential, density, chlorides, sulphates and metals for
Step 2. For chlorides, sulphates and metals the amounts presented are cumulative and took into account the quantity leached in Step 1. In those figures, curves with all values nil were not representedTests 2 and 3 for chlorides, Test 4 for Cr, Tests 1 and 2 for Mn and all tests for As, Cd, Co, Cu, Hg, Ni, Pb, Sb and Tl.
In this step the pH variation is not as regular as in
Step 1, as shown in Fig. 4 . A meaningful increase of the pH in the first sample (taken 21 days after the beginning of this step) occurred for tests with entire batteries when compared with the pH of the last sample of Step 1, contrary to tests with cross-cut batteries where the pH increase is lower. This is probably due to the limited availability of KOH in entire batteries, which is gradually released as result of acid corrosion of the external surface of batteries. During this step, for all tests, pH is varying between 10.2 and 11.9, without meaningful differences between them. However, Test 1 finishes with pH near 12 and all the others below 11. This means that even with entire batteries the inner components are dissolved during the leaching tests as in tests with cross-cut batteries. This effect is more evident in Test 1 where the nitric acid corrodes the external case of the batteries in such a way that allows a significant release of KOH. The variation in conductivity with time is neglected for all tests, except for Test 1 where it increases from near 0 to around 8 mS cm
À1
, showing the effect of dissolution of internal components as previously stated on pH variation analysis. In Tests 3 and 4, the order of magnitude of conductivity is meaningfully lower than in Step 1, as a result of the scarcity of ionic species already dissolved.
In this step, one can consider that until half of the test duration the density remains almost constant. After that, curves from Tests 1 and 3, as well as 2 and 4, are very close, showing the effect of the saturation of the solution used regardless of the batteries condition (entire or cross-cut). For all tests, there is a clear increase in redox potential with time, probably also due to air exposure. The cumulative amount of dissolved sulphates remains almost constant for all the tests and similar to the values from the last fractions of Step 1, which means that in this Step there is no additional dissolution, probably due to the meaningful decrease in sulphates availability and also to the solutions saturation.
Chlorides are only detected in Tests 1 and 4, whose cumulative amount increases slightly and then decreases, showing a possible occurrence of precipitation and/or adsorption. For Test 3, due to the addition of fresh solution in the beginning of Step 2, the concentration of chlorides in the first fraction becomes undetectable.
The cumulative amount of dissolved zinc remains practically constant with L/S for all the tests. In this step, for Test 3 the cumulative amount of Mn increases from the first to the second fraction and then decreases, remaining constant until the end of the test and in Test 4 it decreases until the third fraction and then remains constant. The decrease in these cumulative amounts is probably due to the occurrence of precipitation and/or adsorption.
As, Cu, Hg, Pb, Ni, Co, Sb, Cd and Tl are not detected in all tests of this step and there is no meaningful dissolution of Cr and Fe.
Step 1 vs. Step 2
In Table 2 the total amounts of metals, sulphates and chlorides leached in each test and for each step are presented. The substances with higher total amount leached (Step1 + Step 2) are Fe, Zn, sulphates and chlorides in Test 1; Fe, Zn and sulphates in Test 2; Fe, Mn, Zn, sulphates and chlorides in Test 3 and Zn, sulphates and chlorides in Test 4. In general, the amount leached in Step 1 is always higher than in Step 2, except for Zn and sulphates in Tests 1 and 2 (entire batteries).
Deionized water vs. nitric acid solution tests and L/S influence
The pH effect (deionized water vs. nitric acid solution) on the leaching potential of batteries substances, particularly heavy metals, is only meaningful in tests with entire batteries, as shown when comparing the results from test using nitric acid (Test 1) with the results from test using water (Test 2). With the exception of zinc, the total amount of leached metals, sulphates and chlorides in Test 1 is higher than in Test 2 (see Table 3 ). These results show that the leaching of these components is dependent on pH, which in a real context is related to the phase of the landfill. In tests with cross-cut batteries (tests 3 and 4) the KOH from the batteries interior approximates the pH of the leaching fractions. However there is a difference in the leaching potential for the different substances showing that the influence of the pH is not a critical factor on those results. The total amount leached of As, Cu, Ni, Zn, sulphates and chlorides is higher in Test 4 (deionized water) than in Test 3 (nitric acid solution). Contrarily, the total amount leached of Cd, Cr, Hg and Pb is higher in Test 3 than in Test 4.
Most components are leached in the first fractions when the L/S ratio is low. This means that in a landfill batteries will have a more negative effect when the operation and climacteric conditions favor this situation.
Emission factors for the metals
The amount of each metal leached in Step 1 was compared with the respective amount in the batteries, previously determined (Almeida et al., 2006) . The ratio of these two amounts allows the calculation of emission factors for the metals (Fig. 6) . Only very small percentages of the metals in the batteries were dissolved by the percolating leaching solutions in all the four tests, except Hg in Tests 3 and 4, with 12% and 7%, respectively. Step 1
Step 2 Total
Step 1
Step 2 Table 3 ), one can conclude that in Test 1 the values of Cr and Ni exceed the legal limit for inert wastes; in Test 2, none of the legal limits are exceeded; in Test 3, the values of Hg, Ni, Pb and sulphates exceed the legal limits for inert wastes Fig. 6 . Emission factors ''(amount leached/amount in batteries)Ã100" for metals calculated using results from Step 1 leaching tests. Table 3 ), one can conclude that in Tests 1 and 2 none of the legal limits are exceeded and in Tests 3 and 4 the values of Zn largely exceed the legal limits for hazardous waste.
Conclusions
For all the substances quantified in leachate fractions, only sulphates and zinc are meaningfully dissolved in all tests and the total amount is higher in tests with cross-cut batteries than in ones with entire batteries. The KOH from inner components of entire batteries can be dissolved by the leachant solution and this effect becomes more pronounced with time due to the gradual corrosion of the external surface of the batteries by the leaching solution. In general, the amount of substances dissolved in Step 1 is higher than in Step 2 due to the effect of solution saturation and the absence of fresh solution addition.
Only very small percentages of metals content in the batteries were dissolved by the percolating leaching solutions in all the four tests in Step 1, except Hg in tests with cross-cut batteries in nitric acid solution and water with 12% and 7%, respectively.
Despite the differences in the experiment procedure used and the one stated in the legislation (mixing, contact time and granulometry), the comparison of results obtained with cross-cut batteries using deionized water with legal limits shows that the batteries studied could be considered hazardous waste.
